The authors demonstrate that optical interference lithography yields diamond photonic band gap ͑PBG͒ architectures with PBGs as large as 25% when the exposed photoresist is replicated with silicon. This process utilizes five linearly polarized beams propagating from the same half-space ͑umbrella configuration͒, a setup considerably simpler than the widely studied counterpropagating four-beam setup. Using the umbrella configuration, this diamond structure is also achieved by two or more exposures using fewer interfering laser beams.
The mininum number of beams required to create a three dimensional interference pattern is four and there are a number of published reports that study in detail this special case. [8] [9] [10] All four-beam configurations impose strict requirements on the amplitudes and polarizations of the beams and the ones capable of producing structures with a large photonic band gap ͑PBG͒ require a symmetrical distribution of the beams over the 4 solid angle. In this letter we report on a specific five-beam configuration which falls in the so-called "umbrella setup" ͑see Fig. 1͒ . The main advantage offered by this configuration is the fact that all beam sources are located in the same half-space, thereby allowing the photosensitive material to be mounted on an opaque support. We find simple relations among the phases, amplitudes, and polarizations of the beams such that the generated intensity pattern produces a diamondlike photonic crystal with a full PBG as large as 25% when replicated with silicon.
The field produced by the interference of N monochromatic plane waves of frequency , propagation vector G i , linear polarization vector ⑀ i , phase ␥ i , and real amplitude E i is given by
The generated field intensity is stationary and given by
where
field intensity can be written as I͑r͒ = I 0 +2⌬I͑r͒, where
͑2͒
The photonic crystal is a two component structure defined implicitly by the "shape" function ⌰͑I͑r͒ − I thr ͒, where I͑r͒ is the intensity given above, I thr is a threshold value, and ⌰ is the Heaviside step function. By convention we assume that the structure of the generated photonic crystal is such a͒ Electronic mail: ovi@physics.utoronto.ca that ͑r͒ = 1, where I͑r͒ Ͻ I thr and ͑r͒ Ͼ 1, where I͑r͒ ജ I thr .
The linear polarization of each beam is described with the help of an orthonormal pair of vectors ͑U , R͒ and an angle ͑see Fig. 1͒ . For a given beam wave vector G we define two orthonormal vectors, U ͑"up"͒ and R ͑"right"͒, such that R = G ϫ n / ͉G ϫ n ͉ and U = R ϫ G / ͉G͉, where n = ẑ unless G ͉͉ẑ when n = ŷ . The polarization vector is expressed in terms of U, R, and as ⑀ = cos͑͒U + sin͑͒R.
In this letter we consider the experimentally suitable five-beam umbrella configuration illustrated in Fig. 1 with incident beam wave vectors: G 0 = ͑0,0,q 2 + q 3 ͒, G 1 = ͑q 1 ,0,q 2 ͒, G 2 = ͑−q 1 ,0,q 2 ͒, G 3 = ͑0,q 1 , q 2 ͒, and G 4 = ͑0, −q 1 , q 2 ͒, where q 1 , q 2 , and q 3 are free parameters to be fixed by the requirements of PBG optimization. The monochromaticity constraint q 1 2 + q 2 2 = ͑q 2 + q 3 ͒ 2 implies that only two of the three q i parameters are independent and ⌬I͑r͒ becomes
Only four of the phases ␥ i,j that enter ⌬I͑r͒ are independent and we choose them to be ␥ i,0 with i = 1.4. These independent phases cannot be completely eliminated by a spatial translation 11 but we could find a translation that produces ␥ 1,0 = ␥ 2,0 = ␥ and ␥ 3,0 = ␥ 4,0 = 0, where ␥ is the single remaining adjustable phase parameter.
The intensity pattern described by ⌬I͑r͒ is characterized by a long range periodicity with lattice constants ͑2 / q 1 ,2 / q 1 ,2 / q 3 ͒ along the ͑x , y , z͒ directions, respectively. The precise shape of this tetragonal lattice can be controlled by adjusting the ratio q 1 / q 3 . A tetragonal lattice characterized by a ratio c : 1 between the z and x, y lattice constants requires q 1 = q, q 2 = q /2͑c −1/c͒, and q 3 = q / c. In this case we have ͉G i ͉ = q /2͑c +1/c͒. We further reduce the number of free parameters in ⌬I͑r͒ by assuming that the amplitudes and polarizations of beams 1 to 4 are identical: E 1 = E 2 = E 3 = E 4 and 1 = 2 = 3 = 4 . With these simplifying assumptions the intensity pattern depends only on E 0 , 0 , E 1 , 1 , and ␥, and the following equalities are true: In an earlier analysis 8 we used symmetry considerations to optimize a four-beam intensity pattern for PBG formation. With the notations used in Eq. ͑3͒, it can be shown that the optimized diamondlike intensity pattern described in Ref. 
We note that the phases used in the derivations above produce the same intensity pattern ͑modulo a shift of the origin͒ as the more general phase distribution, ␥ 1,0 = q 1 ␦ x − q 3 ␦ z + ␥, ␥ 2,0 =−q 1 ␦ x − q 3 ␦ z + ␥, ␥ 3,0 = q 1 ␦ y − q 3 ␦ z , and ␥ 4,0 =−q 1 ␦ y − q 3 ␦ z , where ͑␦ x , ␦ y , ␦ z ͒ corresponds to an arbitrary translation. The choice of the best set of phases is determined by the specific experimental setup. A particular example of an equivalent distribution of phases is ␥ 1,0 =2␥ and ␥ 2,0 = ␥ 3,0 = ␥ 4,0 = 0. More specifically, the diamondlike intensity pattern can be obtained by having a single side beam shifted in phase by relative to the others, or having two counterpropagating side beams shifted by / 2 relative to the others.
Defining q ϵ q / ͱ 2, the diamondlike intensity pattern, generated by the umbrella setup using the above constraints, is
Clearly the spatial distribution of this intensity pattern is not affected by the ratio E 0 / E 1 . This feature offers a significant practical advantage and enables another important design optimization. Indeed, once the phases and polarizations of the beams have been fixed it is useful to adjust the central beam amplitude E 0 to yield the largest contrast in the overall interference pattern. From Eq. ͑1͒ this intensity contrast is given by C ϵ 2 max͑⌬I͑r͒͒ / I 0 ϰ E 0 E 1 / ͑E 0 2 +4E 1 2 ͒. This is maximized by choosing E 0 / E 1 = 2. In the case of the intensity pattern given by Eq. ͑4͒, the maximum intensity contrast C =1/ ͱ 2 Ϸ 71%. When all five beams have equal amplitudes, C = 56%. An optical field with a large intensity contrast has the advantage that the generated template is less sensitive to imperfections in the photoresist. Based on the values displayed in Table I Finally, we note that the parameter constraints leading to Eq. ͑4͒ correspond physically to a complete decoupling between the side beams. In particular, ␣ 3 = 0 and cos͑␥͒ = 0 imply that all the terms in Eq. ͑1͒, proportional to i,j with i , j Ͼ 0, do not contribute to the optimized optical intensity pattern in Eq. ͑4͒. The only important interference is between the central beam and each of the side beams. Consequently, the diamondlike intensity pattern in Eq. ͑4͒ can also be obtained using ͑A͒ two successive three-beam exposures 12 or ͑B͒ four successive two-beam exposures. In case ͑A͒ there are two options: ͑i͒ Set the phase of all side beams relative to the central beam to be the same; block all but beams 0, 1, and 2 in the first exposure and then, after a 90°phase shift 13 on the central beam, block all but beams 0, 3, and 4 in a second exposure. ͑ii͒ Alternatively, use only beams 0, 1, and 2, perform the first exposure, then rotate the sample by 90°a bout ẑ and add the 90°phase shift 13 on the central beam for the second exposure. The modulation pattern created in the photo-resist by these two successive exposures should be identical to the one created by the single five-beam exposure of equal duration ͑only the background intensity I 0 is different in the two cases͒. In case ͑B͒, the same modulation pattern can be created by four successive exposures with only two beams. In this case the constraint ␣ 3 = 0 is not required; therefore the two beams can be linearly polarized in the same direction. The four-exposure process can be implemented as above, either by blocking all but the central and one side beam during each of the four exposures ͑in the full umbrella setup͒ or by using only beams 0 and 1 with three consecutive 90°rotations of the sample between each exposure. Between each exposure, a 90°phase shift 13 is added to the central beam.
In summary, we have demonstrated a five-beam "umbrella" configuration for synthesis of a diamondlike photonic crystal, which, when replicated with silicon, 7 exhibits a 25% full PBG. This umbrella configuration requires only linearly polarized light, but involves a relative phase control between the central beam and side beams when only a single exposure with all beams is performed. To circumvent the complications of relative phase control between different beam directions we have introduced two multiple-exposure protocols that involve only 90°phase shifts of the central beam. This in turn can be achieved with a quarter wave plate or the placement of the sample on a translation stage. Our recipe provides a major experimental simplification of the holographic lithography method for achieving the "holy grail" diamond PBG architecture. In the four-beam configuration these phases can always be eliminated by a spatial translation ͑Ref. 8͒. 12 In this case the polarizations of the two counterpropagating side beams can be chosen to be different from the ones demanded by the full fivebeam setup. 13 The 90°phase shift can be achieved with the help of a quarter wave plate rotating from the slow to the fast axis or by translating the sample in the z direction by 3 0 /8 ͑ 0 ϵ vacuum wavelength of beams͒.
FIG. 2.
Band structure of the PC obtained after the exposure of the optimized pattern, Eq. ͑4͒, with a scaled threshold, defined as I thr = E 0 2 +4E 1 2 +2E 0 E 1 I thr s , of I thr s = 0.68. The high intensity region has a dielectric constant of ⑀ = 11.9 and a filling fraction of Ϸ22%. The low intensity region has ⑀ = 1. The full PBG has a relative width of 25.2% and is centered at a / Ϸ 0.4 where a is the tetragonal lattice constant in the xy plane. The inset shows the variation of the PBG size with the volume fraction of the solid component. The gap remains open for solid filling fractions from 8% to 67% while the scaled threshold varies from I thr s Ϸ 1 to I thr s Ϸ −0.41. The gap is greater than 20% for filling fractions from 13% to 36%.
